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ABSTRACT

Objectives: This study was conducted to measure the level of radon in the air at a highway tunnel construction
site in a gneiss area using the New Austrian Tunneling Method (NATM) and to evaluate exposure levels by
occupation.

Methods: Radon concentrations in the air were measured using E-PERM at points 300 m, 600 m, and 900 m from
the tunnel entrance during the excavation and waterproofing work inside the tunnel. In addition, radon
concentrations were measured during external excavation to compare with the inside of the tunnel. Personal
exposure levels for major occupations including tunnel workers, construction equipment operators,
waterproofers, shotcrete workers, and safety and health managers who participated in the construction were
estimated using radon concentration measured in the work process area and working hours by occupation.

Results: As a result of a total of 77 radon measurements, the geometric mean (GM) concentration was 71.1
Bg/m®, and the maximum concentration was 127.3 Bg/m®, which was below the indoor air quality criteria.
Radon concentration by process decreased in the order of the tunnel excavation process (GM= Bg/m?,
GSD=1.2), waterproofing process (GM=73.35 Bg/m?*, GSD=1.2), and outside excavating process (GM=45.28
Bg/m®, GSD=1.2). Processes inside the tunnel were significantly higher than outside excavating processes
(p€0.05). There was no statistically significant difference in radon concentration measured inside by distance
from the tunnel entrance, but the innermost point of the tunnel, 900 m (GM=79.24 Bg/m®, GSD=1.27),
measured the highest.

Conclusions: The occupation with the highest individual exposure to radon was tunnel worker (64.16 Bg/m?3),
followed by construction equipment driver (64.04 Bg/m?®) and waterproofer (63.13 Bg/m°).
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f=2 b ERY MM B AR =
B FAEZHO] 7IAR QT kE2E S U=
7 2 A A & UoltHUNSCEAR, 2000).
ZH=(Rn222)2 AHd o2 71 ¥H7](3.8Y)E #aL 9l
= 7P &% 2= A BYEA o, QA9 &5
L3 Al A&AR1 3 oA LAY sk BARA ] 2
s HE 4ol 8 WA AR 4EA Sl
(WHO, 2009).

FREZ g=0) I &= R F Aol
Lubin et al.(1995)2 11709 AFAt=OA k=0
LEH FJHE ITE AFE Fot] F 65,0008
9] FHOJAA ¥HAFSE 2,700 9] HY AMS AHEIE B
oF B4R A3 Aok AFAEY] 9F 40%7F e El
gt Aolgtal Hugict X o] gt o=4 I
JE dPoME B2 sE9 #Eol ATkt =E2E
AT Ht g A AgE Holr] wiio] 2
= =55 Fast & "ot dval AxRska o
(Richardson et al., 2022).

HY TAF T 77 & A 27] "ol FF
9 FARH 2h=oll 1 =& 9ol tH(Nang et
al., 2019). Li et al.(2010)2 77789 &4 €Y W
FoX9 T FEE A=, ARt FHo w=t
Ao 7F F=tll, ek (granite) HE9] 2= =7t 4
3l(imestone) HEETt SAZXHCE [olotA =%
th 239 HEdA@dS s o g= HEriet
AtollA= 7171 A=A Y= HdAdTAY 22
oA AR 2= A AP EAIE Al7IsHAA
[} 30,000 Bg/m’ 71| S5t 952 & U=
7318 vF QIt(Li & Chan, 2004). 184 €Y ZA}
A% A=Y B 2257 A9 WS- A
o]t(Abundo et al., 1997; Gucchi et al., 2016).
E35] NATM(New Austrian Tunneling Method) &
Ho| o]Fo|Z= HaFAR= 3jekS ARSI titie]
A4S nhol= Ao] BHEZ O o]RojXEE =
4 7 g@3go] WAste] HERgAolA =Ed & 3
SHRyu et al., 2003).

ojo] 2 A= NATM 3HOE A== 1&E=
B JAF @A Aok ZAAREY AFLE g
L= 38 grlsta 89 A (effective dose)S 34
sto] 1o WE e Wk HASH] {5 3= Q.
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1. Bt e AL SIS

B7F Y SAF 2 7= MAAl & =E A
= 95 NATM 3Ho= U A =2 &0l o]
FojHrh NATM 32 A8k dato] 9Jsf =&Fstar
£IYERE SEES HA5to] HES 236 UYL
Z(Ryu et al., 2003), HE9 AAFH> IA HF,
Wt W (muck) A8, SEE A, £EEHIQI HY
Z2HF A (excavation) TAAITFO] GkS A EE A7
JIF=E o]&st Hoh= =Wl wWeRtQi(water
proofing)2 & FE2Ht BE Y &7|+= HY =23
A AlZTOlRE BE SRH7MA] SPIYEE d4dste] 9
FO| AAg F71E Fgctks A B4 AAlst
ATt

20209 495 20219 109704 & 19 771 &
QF =2 FAPE XFE L, 20210 8EFE 9E7HA|
43] ¥HEste] 2E L8 SHoIT. 23540l &
E 9 20224 89714] 107]€¥ &<t W<=57go] o]F
ojFch ®Wgigol == 2249 1€5E 397HR|
717t % 43] HhEsto] FUS HHO R HEwk &
AE Aot Y7 |59 A= 20179F
Bl 20229 129714 SAPE XEIL Q1o 2= 5
EEALE 202149 10¥ &< 23] HHESHES AP
o SN 3A @Y 717 BT AlE AFH 2
2 Table 19 89kttt

2387 E5elE8 &
371 % sk $42 TEAES d<711 E-PERM
(Electret Passive Environment Radon Monitor,
Rad Elec. Ltd, USA)& AM&SIGITt. E-PERMZ =
AP B A% (Occupational  Safety and Health
Administration, OSHA)OIA @ilsk= &£47]o|H, &
7] % B2 otH FYAE B9 AH ke F
Aow SHitem BYIFolA WEdE I A= 5
7] BARE ol23lol=d], Y R4 sk 2ol
228 FH5 A electret)o] EFE o] EAAIES
FAAIZIEHRad Elec. Inc, 2021). o|&er ¥gof 9
b S A At A s 7|2 575t
=5 E Akbeiit.
HauE o] Aty AldE 9 SAKRC] A=
Hol= A ACtsto] @754 AF?r S-chamber
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Table 1. Basic characteristics of the construction project and radon measurement condition

Classification

Process

Tunnel drilling

Tunnel waterproofing Pit excavating

Construction project

Construction period April 2020 -
October 2021
Bedrock Gneiss
Work method NATM
Tasks Drilling, Rock bolting, Charging,
Blasting, Rock transport, Pumice
arrangement, Supporting, Shotcrete
Number of workers 60
Working time 24 hours a day
(2 groups, 2 shifts)
Ventilation Mechanical ventilation

Measurement conadiition
Sampling period

August 2021 — September 2021 January 2022 — March 2022

November 2021 -
August 2022

January 2017 -
December 2022

Gneiss Gneiss
Sheet waterproof Excavating
Sheet waterproof Excavating

25 12

10 hours a day 10 hours a day

No mechanical ventilation No mechanical ventilation

October 2021

(4 times) (2 times)
3-3.5 16-17.2
43.1-45.2 49.2-49.6
36 6

(4 times)
Temperature, C 25.1-26.2
Humidity, % 67.3-72.2
Number of samples 35
9} Short-term electrets AEsto] 2U7F A7S54 S
AN BESAYIE et 2 24L 1

of w5} ict
© 24717} FHe] 8o o8] WA s @
nhEzlo] HAISHE EY0] 7hg QHE(E U BA
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@ &AE 715 9 3] 5o 9T BA] L=
o7 g EAL A2 AZsk= ndvgoA 90

cm ©JAF "oz 3

® ), T8, AARAS NG 4 e R
@ RE ojRo) ¥ T gERRE Wi Ex
S8 WA QTS 30 cm o4 Hoja
® it AR 24 50 om ol BA AN =
£ 24719 SAARE A9Ws, 9X, A4 9
A7k AEliE T|E st LEot &

T, SEREA S5, ALY TR, 3
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2® 300 m, 600 m, 900 m A¥F 3742 2472
AA|etct. QRET] 382 F27] U 3784004
h8 54718 2A6AH.

gte sk AXtE Al @RI SH71E GASHI
o ZAuKelectre)? %71HLS L= =45t
714 &4 Al BEsE o] 100 V ulgte]
Helectret)S Ao] trol HA7|&o]| oksf|A] A
GolXHE AQJSHiL 100 V oo SHEE
4 5010} ;(4?:1]-0] =4 H}EQL ;Q?j'%}: ]
o 54 T 27IAY S sLT PR I
192 28712 ol 49 BHY HPdst J=
R S M ke %—Xé%l HE AYLS
&3t 2= Bt 55 4 A&t

}w

)
1=

e

2 mlm ofN Ol of ofr ofw fI
r>J ¥R r_>¢

13} 22

l EL
ro]

Vi— VF—0.066667-D
K-D

o= —BG)F 1)

C : average radon concentration, pCi/L
Vi: initial electret voltage in volts

Vf: final electret voltage in volts

D: The number of days exposure, days
K: calibration factor
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300m

Figure 1. Schematic diagram of tunnel construction site.

B - G: the correction for background gamma
radiation
F: elevation correction factor

3. 749! Bt= - =2F T}

i 2RE g B RN sk A5 34,
S, 24 AAE TRl T, Do) w2
AXTZFS ZAFsE] A5 ©9jRko] o] oA =
ZAe] 2 2 X\9} 7P 77ke ZAHolA el 2

E55E 4851900 2 438 A9l ShE wEFL 4

29} o] ]71'7]-%fd-—r(-%l'(Time Weighted Average,
TWA)= ol&sto] 453t
— (C,xT)+(Cyx T,) +-+(C,+ T,) 2

(7, + Ty+-- Tn)

Cn : airborne radon concentration measured
at specific site, Bq/m’

Tn : working time at specific site, h

 E93o] Y W g I A
W GAIBL AYST, 4N HY 2lRol
Vg % A A B
Aot B o Eu] Gao
27 YA WA 4 28 018

]
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542
Aol %

of gt H 37 5 2= FY ==
Mg 42 A= AR gk #et
17}5+ L 3] (United Nations Scientific Committee
n the Effects of Atomic Radiation, UNSCEAR)9]
AME &89 0 H(UNSCEAR, 2020) 4] 33} Zo]
19 B S8 X3 effective dose, ED)= AT

E

O :{o 1o
r&
) ol
| l"_}l_l o
:(o

A

®)

ED = EEC X DCF < ETx 1073

ED : daily effective dose, uSv/day

EEC : equilibrium equivalent concentration,
Bq/m'qjq

DCF : radon dose conversion factor, nSv/(h *
Bq/m)

ET : average exposure time per day, h/day
9] AloflA EECE H357Fs(equilibrium equivalent

concentration), DCF= &= A& &AF Al (radon

dose conversion factor)e]tt. EECE Zd3gt AL

HofiAe 710e 2AR ojw ol HWATF A4
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Ho] St=sE O AT B3AH e g
7kA0] WAbs FER FIRE B8 WotH, 37 §
Zh= HE(Cain)@t AR equilibrium factor, Feq)
E ¥ 4 49} Zo] AL 4= ot

EEC = Cuir X Feq 4)

Cair : airborne radon concentration, Bq/n’
Feq : equilibrium factor

et

Caire /i) &F02 3 7] ¥ 2= &5,
Feqe HEQIRlo|H A= 0.4, AQ= 0.6& HUiLsh
I ek Hy YHolA 283 371 F gE kol

t HERIA= 0.48 F8519a, A9 "] 340
3 RS FPAA 0.6 FHEHh = A
g HHAFDCHE SATE & Fadze] H=EA
UNSCEARQ] dirof w&t 9.0 nSv/(h - Bq/m)E &&
SFITHUNSCEAR 2020).

o
ok

5. Xtz XM2| I SAHEAM

7| & th= Y59 B3E+= Shapiro-Wilk test
o} JEYFLERELEE 2ot e EE &
ekt AT, B dFolA k& AZE A
oA &43t BtEsks, A&Hw(arithmetic mean,
AM), ¥ZH*Kstandard deviation, SD), 7|slE++
(geometric mean, GM)I} 7|5IEEHAXHgeometric

Table 2. Summary of radon concentration by work process

standard deviation, GSD), H®¥(range)Z L9k
ot ZF ¥ ZjolE H|wsl| Yol T-test} EAHE
AZ olgstlon AP, YT=ERES ATt H
93A] 371 F ghEskol 9 vA = gotE|
Aol FEIHEAS otk 4 AREC] HeHtE
ZE o7 W0l g vEE 21 ¥ & AAsH
Aot A 242 SPSSUIBM SPSS 28.0.1.1)% °ol&
Stof AA[SFRI

. 21

1. 37| & el=sk 2%

HY FAF @A AHS F 7709 571 F 2=
e dSeATEEE e o (Figure. 2) Table
29} o] GM¥} GSD+= 22+ 71.07 Bg/w?, 1.272 11
|79 2= 7129 600 Bq/mE Z3sh= A
A2 el st 7FY =4 S4E 22 Hd
349 7FE ZAAER 900 m AFoRE Hd
127.34 Bq/m7HA] 4=l £3F Bdsrt 7HY
A 589 32 "Hd U438 600 m A¥o=
69.8146.21 Bg/mo]ith.

2. B =S

od W BHIHL 350, PEFHS 367 & 7170
o BESES ZYSNYTL, AR THL 64
SESES 2ol Y BRolA Ak 23

Radon concentration, Bg/m’

Process Sampling location N

AM(SD) GM(GSD) Range
Sub-total 35 76.15(14.01) 74.91(1.20) 51.46~108.02
. 300 m 12 73.76(10.57) 73.06(1.16) 56.86~92.10
Tunnel drilling
600 m 12 74.90(15.98) 73.32(1.24) 51.46~98.76
900 m 11 80.13(15.41) 78.79(1.21) 59.74~108.02
Sub-total 36 74.6(17.98) 73.35(1.24) 49.91~127.34
_ 300 m 12 71.28(16.41) 69.60(1.26) 49.91~104.45
Tunnel waterproofing
600 m 12 69.81(6.21) 69.55(1.09) 60.55~79.89
900 m 12 82.82(24.70) 79.65(1.34) 52.91~127.34
Pit excavating Excavator 6 45.87(7.9) 45.28(1.20) 33.64~55.12
Total 77 73.09(17.45) 71.07(1.27) 33.64~127.34
N: Number of samples, AM: Arithmetic mean, SD: Standard deviation,
GM: Geometric mean, GSD: Geometric standard deviation
Journal of Korean Society of Occupational and Environmental Hygiene, 2023: 33(2): 115-125 www.kiha.kr
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Figure 2. Log-normal distribution of airborne radon concentration.
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Figure 3. Comparison of radon concentration by work process.

SH(GM=74.91 Bq/m)#} W433(GM=73.35 Bq/ 3. &Y Qx| BlEs

m’)o] QFE ] FAH(GM=45.28 Bq/m)HEt} {25t Q¥ o] Zy] SolojBE TEsle] HY UILREE
A=A et o (p € 0.05) BE W A458 22 300 m, 600 m, 900 m A|FoA = E B W5HH
=5kt BAZHCE {3t Aol §lAtH(p=0.787, o} HYYTEEE 300 m AHY BAsEE 72.52+
Figure 3). 13.56 Bq/m’(49.91~104.45 Bg/m), 600 mAH
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Figure 4. Comparison of radon concentration by sampling location.

71.46+11.58 Bq/m'(51.46~98.76 Bq/m’), 900 m A
A2 81.00£20.68 Bq/m'(52.91~127.34 Bq/m)HL
™, 900 m AHoA = Bt o= FAE B
Fqout BAFoRE {93t zol= YUATHp=0.387,
Figure 4).

4. B L% BEST0) 0jxl 291 24
B R eESTe] S vAE 29 et}
7] Sete] BYRsE HU4URY, ATIAREY

of ME AYFE G Asle] oo, olAe
Ael(@REg} 1 S0 3T A= Ro=
sl=9ek(p < 0.05).

5. %

O
NE
']
r
o
H
I1h]
ol
H'|

o
=0
kol
rx
o
I
ox

U573k Q5 7549 ehess

of HauiolA 2ge 5= = 57 AFol okl 2
A A 2 =2 E ] g
(Table 4). ZF A|9olA 4% 2h= w=2 HLH2

i

A, TLHHUFE SFETER Aot FIARAEE = 43 Ui BE & ] 7MY w2 52 HY
XS Aik= Table 37 2t 71 23 Hd A 3(AM=64.16 Bq/m)eI1L tTZFog FAHEAT
Table 3. Factors affecting the radon concentration measured in tunnel
Dependent variable Independent variable B t-value p—value
Process
Tunnel drilling 0.64 0.649 0.518
Tunnel waterproofing Reference group
Radon concentration Distance from the entrance
measured in tunnel 300 m 0.852 4.658 €0.001
600 m 0.855 4.674 <0.001
900 m 1.045 5.777 <0.001
Outside(Pit) Reference group
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A

(AM=64.04 Bq/m), H43(AM=63.13 Bq/m), %E
Z(AM=52.72 Bq/nf), EABAHAM=48.82 Bq/m)
oz yepdth 2 SaM%e 19 Hd 3.14 u
Sv/dayoll A 3.94 uSv/day= w1 A =AU

V.o FH

Hazl2 Pastar Aghe AaoA S =X
W ZHgolA Aetr7t FA=AY Foli7tArt HAg
steg EdAXlA 2= =29 7hs/dol St
(Ryu et al., 2003). o]o] & A= o] o
4G54, dolAe AHE HITA BEsk
= etsiglon, ol &&sto] He Y 25E il
g S 9 f8A%E dotEsdth

2 dFolA BHE W &Y F S-S g Bese
= 75.39 Bg/r?, Fd 5E= & 127.34 Bq/mE A
W 73 71#(148 Bq/m') o= WotthFig. 2, Table
2). AP EAATUNA B TAFRS tHYe =
gt A7H2003)014 = A otdrHto 2 HE Aot 2k
s 2o gt B7HE AAsklew, ml= EPAS)
AY 2 7120 148 Bg/m'et H|3t & Bt
(Ryu et al., 2003). E3H AFAPHEAATHL] F=
AH2019)004 AARE FAF F9A BHE AR 278
49] =9 FEE 37.1~308.7 Ba/w'e] MHE B
o, 7 B2 5 HQl X2 HEYYFEEY 7t
Z A7t W 1000 m AHOE 308.7 Bqg/m'oE =
= UtKSeo et al., 2019). T 2 HEYTLt A
2o} Agaglo] EfAlsHA UEteH, o g X2
HY AFoARE tog EoldrE e 5%t
3143 =7 YERETHSeo et al., 2019). $59] A5}

55 ol$te 42E AMSE HI2H THS By

e
o F PE FATIME HESTI AT $7
2 Bolx| glgror, Hej 30,000 Ba/m7A AEE%

=t ol AA”S 02bE wiEo|ot High
vl QItHLi & Chan, 2004). & ATo)A €219
= FAEEE 75.39+16.05 Bq/m'E AP EA
Aol AFATETE Worsr ol B AFtAdY]
HY2 320 EEFAIE Bl1F F7ko] Wil 24 1t
AFe 9 glg md JdF27F X Ho] Qlo] QJFA}
ZF 9 FA4H|9] o]Fo] HIHgy| o] B oA
T 5719 £go] YggS Aoz yrtHEo
AFARPAEAATEY AFoME BHE TAREAS
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7191 B0 e gEse gR1T 5 gl 7]
E9] Y - 9] AFEL HEs EY F AEEE
o Wt JFS wom HultH = PRE Aol A
e ¥ € ¢ Us ok TFol =te
EAo] Qttal B A5HTtHLi & Chan, 2004; Kwon
et al., 2017). 39 Hd 2 2ol gt 2=
AH2004)004 = 23] Hds 23T A¢ o =2
st A= Bk vE QItkLi & Chan,
2004). & ATolA FAE 2P MR G2 2 4]
glojg @& ZIE(Geo Big Data Open Platform,
2022)= &sto] Hupeke] AAEALE gelstelon, H
A 32 gEEEE B

2 dtolAe AdeH E4 o= BERY Al 2
E5Eo ¥ E & Ue 802 AP, "°dY
ToF] AR FEst gEwEE S5

HY F23AL2 44 S Eacls AYges dvke
26t oA BeEst =4 S4E AeE W
gEQloy it & Aozt §isith BHE =
ALY 73S IAAES AAsto] " 227
AZste] 2RO AAHT F7IE Holge
AAsou, i Aoz S7|AAE A
5o S £ & o] GAFHCoE ARRS TSI
ot BE He3AoAs AAEL gidley HY &

T E3 W7k YR olRoRe Aoz wrkHrh
uhelo] HdgA 9% B 3HL SALCR 9
3 Aolg weirh BYAYe At AAFA} T
AT F7IOIA olFoimE QREThe F7|mell
B2 HdolN 9 Aigel ehEEst B4 241
Aoz werEr

g A2 FE AZE 300 m, 600 m, 900 m A
Aol S E H|wet 2y FAFOoRE o3t Xjol=
RAL2H 900 m AHoM = BEEE o= A
£ Bt W59 900 m A|FoAE =0l FHiL
127.34 Bq/m7H] S = U=T ol= B AFolAF
H QkEo Z4E fr|go] Faste] A 3719
o] o AHofA= BETErt wol AR H
At =y Askd HY W gEeESAH A--2009)0
29 2|5Hd HEsko] 7|ofsk= M= 7|89
S5, B'E FH, Aok, Zol, W, TA IS E
AF5t¥cHKhan et al.,, 2019). A5k HYE sxof
FFE vA= HE F Pkl 7P & IFE F=

Journal of Korean Society of Occupational and Environmental Hygiene, 2023: 33(2): 115-125



A= BHd FH|Y9cHKhan et al., 2019). £ H31o
A HE YTERE A, & 719 o7V} BEse
o FFZ "l & U RISkt

T3 B2 Aokri, AUsE, o9Y, 71, 7R
o wet Ay 7] F SEskd ¢S & 5 Jou
(Choi et al.,, 2016), olo] & SEare 1 T ¢
Aok HETAre A9 =2Fof o3t ot AFy 5
o] IHgoflA w47t LA sH, =2 5ol e Ed
oA Aot fdETh 2h=2] A dAolv EYH
o 3= A Sl =0l =°oke 7FsAe] &=oF A
skl f9lo] HauRe] ek Id3F2 i ¢
QIth(Li & Chan, 2004). Keith Y. K. Li(2004)2] 1
T=EolAe HETA F Aok =] 2= s
W AAFSE WA S AFSHHA Aok FY St
of Wt =t Vet As HISHUTHLI &
Chan, 2004). £ 7oA = SHZAHE Aot 75
£ AR oY Asteio] gEskd] TS £ 4
T2 WA ok, =3 FAO HieFAPE AlEA L
£ o|FofA ZFeHHo] fAIE Wst= F wzol Aot
& fY0 42 AR FH| AL Qo] A5k
5o E gEsss 90 T £ itk gy g5y
W 223400 = =27 F WAk Askrs dekst
of IR WFole FAYS HAISHAT. ET AFIAS
%i]—l;({g_ 3}@7]01], E]Ié HFAILA] 94 y-Kel 51—17101]

=10 0= oT oo oTT o=
2kzt A} Ag=lo] ARG Aol wek 542 7

Polsr] mhe] 25 @ £ 3, A2 59 89 W
9T 4 Yok

B JAFEROA = 2GRS ZAAA7F 4A5HA|
2o, HEAAAT 2 AAske oA dakRty
o] o]FojA AHAE Hsh= FioA HESEE
AT 4= QIolth o]of] 2 AtollA= FARY] F A
ARt ZAJAZES FRlst] AEH 7 SHEkEF
4 1Y fFEADS S0t HadAAdRY = 2y
A= Yupr} o]FojX= HE 7P EAFCE F
2274 900 mAFe] g= HitekE 8okl &
FAA7 Dok 2 HFe A% sidE7ge 300
m, 600 m ,900m A|H9] B = sLE L5
oh QRoA9] ARyl 9 FAATRE QF EHulr]
AR HeEss ALt Rl gEkEFol 7t
T =2 A2 HEY 7P ekEBolARt Adsk= Hd
T HEyRolA FGAZE 25k g o 2 YEY

o A% S 24e AHYY B9 2RALT
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f-520]7] o] dLHQl At FEAFE Frlok=
tl= ojgfzo] qlo] 2h=of o3t HAbAe] kS 1Y
fradsrog st ol TAFEAS 2EH &
FAd-E 1S o A FHEFE L 5 3
ok 2 57 A5 Ha W, 95 A S HEA
HE P4 AR EYE 245 7 1Y faA
Fr 19 A 3.14 uSv/dayollAl 3.94 uSv/day=

2 A 23=AcKTable 4). o= FAE0] A=
25092 AR Hd A}l whESt . 73S
AZF i 0.78 mSv/yolA 0.99 mSv/yrZ YAt
oA sl8ot= PRiQle] 447F 1 mSv/y ok &

< oIt

g AddR9 45 HE&AdoA s Fa8
2 gt 9 Z2 A] EAYSHE diEre] Wb YAkt
2 59 Fol7tAT BERAHoE kEEE= 542 VL
A2 AHRyu et al., 2003). webA] HE-ZAF @40
A 2 2o gh=o] WAstE P vk HAet &
20 H3Eo] 5508 FAT AF 1Y S
AEo] ¥ ¥ 7ko] HEEHA H9 et Az
&8 427 & UHChoi et al, 2017). SM.
Khan9| eF=A73a3} AoA= A =] gt 5
& FHEES AAaAZ7] e ARl SHEATAIAH
S A0S ¥F QloH(Khan et al., 2019), $&ueto]
Mz A5 39 o2t G=A7aRE B2 & 8t
AtHLee et al., 2014). 2F=AZ 7P T&2Q A
AEL gEo] HiEE s EY 2A0A ged A=
&5k EQVIAHI7HHOoItHLee et al., 2014;
Khan et al., 2019). 284 HYE FAAE 3718
Hi71d 4= Q= 3 THEo|oF st EYTIAHITE
H(Khan et al., 2019)& Z&sP7|7F €A oz
QR9] F7E FYste WIAARS] A7 7V F
8% Aow wtdn gHaZAe] S|AA-S] HL-
= AT 3718 Eol EolF= S7141E ARgRith
2 B2 AGAA AT 3715 &

371 HE 4= WHUIFHEA Hre
Zot7] fstolH, 71 Ede] HAe+= At
I 7155 BPAFEIE diElsiA S7173] 9
|7} & E|ofof 517] wjEolth(Baeg et al., 2006).
wEbs Bd YFEHEE 7P EA™C s SV
BASHAY F7H4%1 VRAE Aok SVAAH
o] He¢to] HQTh Aog HRIth EHYEZRYo| A3t
A AEE 8ot H 7]l Aol FA TR}
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Table 4. Estimation of personal radon exposure and effective dose by occupation

Full-shift personal e -

Radon concentration, Bg/m®

Job Working position Task \{Yrﬁgﬁmfg ;ﬁ%?fuéeq /ﬁa pSv/day

Measurement point  AM Max AM Max AM Max

Tunnel Tunnel excavation Preparation 1 Tunnel 900 m 80.13 108.02 64.16 8337 269 3.46
worker Rock Bolting 1 Tunnel 900 m 80.13  108.02
Charging 0.67  Tunnel 900 m 80.13 108.02
Supporting 0.67  Tunnel 900 m 80.13 108.02
Drilling 2 Tunnel 900 m 80.13 108.02
Outside the tunnel Waiting for work 4.66  Pit excavater 4587 55.12

Equipment Inside the tunnel  Rock waste 6 Tunnel 300-900 m 76.16 108.02 64.04 86.86 2.64 3.62

operator transport

Qutside the tunnel Preparation 4 Pit excavater 4587 56.12

Shotcrete  Tunnel excavation  Shotcrete 2 Tunnel 900 m 80.13 108.02 52.72 65.7 256 3.16
Outside the tunnel Preparation 8 Pit excavater 4587 5512

Waterproof Inside the tunnel  Sheet waterproof 6 Tunnel 300-900 m 74.64 12734 6313 9845 260 3.94
Outside the tunnel Preparation 4 Pit excavater 4587 55.12

Health Inside the tunnel  Inspection 1 Tunnel 300-900 m 75.39 127.34 4882 6234 250 3.14
manager  Qutside the tunnel Inspection 9 Pit excavater 4587 55.12

o Ao Qusiel ¢l AEAe AE vl
olof & Aoz Holth EYRiol /9l P wEe
2 aspp] GJsto] YRalHe] FA Rol 5 peld
o i Wgslolor & Wast qlrkw W

V.2 &

2 A= Hupek 7]6k P AIoflA] NATM 32
2 A= IR HY TAF @A A= &
A= AR Y = & £5S Fsk a8 4
Heffective dose)Z FHstAtt. B W & 5 &
A3t = PAdsEE 7539 Bo/nd, W skE
127.34 Bq/m'2 Ay 34 7](148 Bq/m)Et Wk
ot 8 570 A9 BE W, oF &g 3 HEA
HE B AR EYE 24 A9 19 /84
T 19 o 3.14 uSv/dayollA 3.94 uSv/day= =
- A Fg=E9oH, A #E kEFo] 7P w2
AF2 E93(AM=64.16 Bq/m) °I11L Tho & &
) - HZ(AM=64.04 Bq/m), W<3(AM=63.13 Bq/
), £EF(AM=52.72 Bq/m’), BEATEIZHAM=48.82
Ba/mf) <=o]3itt. EEZAF EFolA I £ =
o] sl Et: theFe] Wx|et B HaEo] &
Fo= FUT A% 139 Y gEC] H ¢ 7|&o

N2
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